A1 2 OI thin films were deposited on Ni metal by solgel processing from aluminum isopropoxide as the raw material. Isothermal oxidation at temperatures of 1073-1173 Κ was performed to investigate the effect of A1 2 0 3 thin film on the oxidation behavior of the metal. Results of the oxidation tests show that the oxidation rate of A1 2 0 3 coated samples were reduced due to the applied thin film. The oxide scale formed on the blank samples is completely composed of NiO after 24h oxidation at both temperatures, while the NiO layer is divided into two parts by a very thin alumina scale which is deposited before oxidation.
INTRODUCTION
Coatings are usually used to deposit on metal or alloys for improving their performances at high temperatures in aggressive environments. There are several techniques for coating metals layers: PVD, CVD, Plasma spraying, Electrophoresis, Sol-Gel. Solgel technology has been found ideal; coating with controlled properties (thickness, particle size, etc.) can easily be done by applying the sol by techniques like spray coating, dip coating, spin coating, and electrophoresis, etc. One of the main advantages of solgel is the ability to obtain very small particles-usually in the nano-scale range. The deposition of sol-gel coatings on metals is relatively recent and has not been sufficiently investigated, in spite of its potential technological interest III.
Examining the published papers where sol-gel coating systems have been produced, it can be seen that the studies were mainly aimed to test the capability of sol-gel coatings to improve oxidation resistance of the substrate. Both Zr0 2 and Si0 2 coatings deposited on stainless steel were shown to substantially increase the oxidation resistance at temperature ranging from 923 to 1223K /2-4/. The kinetics data reported seems to follow a parabolic law, with rate constants reduced with respect to the bare substrates. Increasing the coating thickness generally increases the protection effect, but Miyazawa et al. /4/ reported that the oxidation rate of stainless steel coated with Zr0 2 -Y 2 0 3 layers decreased with increasing Y 2 0 3 content. They suggested that the effect could be explained by trapping of oxygen by yttria, or by diffusion of yttrium, known to be a reactive element for chromia scale-forming steels, into the substrate. Silica and borosilicate coating have been deposited on mild steel from aqueous amine solutions /5-7/. A noble protection was observed up to 1023K for both types of coatings. An evident improvement of oxidation resistance of nickel at 1073K was obtained with borosilicate coating /8/. Good results were also achieved on Ni-and Co-based alloys by Williams and Interrante, using specifically synthesized aluminosiloxane oligomers to deposit aluminosilicate coatings 191. The thicker layers should offer better protection, in general agreement with the experiment. However, it is found that when thickness exceeds a certain value the behavior reverses /8/.
The aim of the present paper is to explore the effect of alumina coatings derived by sol-gel techniques on the high temperature oxidation of Ni at 1073-1173Κ in air and probe into the feasibility of using this sol-gel derived alumina film as an oxidation resistant coating on Ni-based alloys.
EXPERIMENTAL PROCEDURES
The specimens were cut into 10mm χ 12mm χ 1.5mm by using a spark wire machine from the pure Ni bulk (99.99%), and then were polished with SiC-paper grade 1200. The specimens were degreased ultrasonically in acetone, cleaned by distilled water and dried in air before use. A1 2 0 3 sol was prepared as follows. 20g aluminum isopropoxide (Al(OC 3 H 7 ) 3 ), purity >98%, was hydrated in 270 ml distilled water at about 80°C with stirring for lh, then HN0 3 was added into the solution to adjust the pH to about 3. The vessel containing the solution was kept constantly at 363 Κ for 5h; a transparent sol was obtained.
Samples were dipped into the sol and withdrawn at a rate between 3 and 30cm/min, then dried in air for 15min at room temperature. A thinner layer could be obtained by repeated the dipping step. Samples were dipped and dried ten times in the present work. Thermal
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Oxidation Behavior of Ni treatment was carried out in a tube furnace in argon atmosphere. The tube was first evacuated to a pressure of 2 χ 10"' Pa and then argon was introduced as a protective gas at a flow rate of 0.5 liter/min. The tube was heated up to 573K at the rate of 5K/min and kept at the temperature for 1 h, and then it was heated up to 1173K at the same heating rate and kept the temperature for 2 h. The target sol-gel A1 2 0 3 thin films were finally obtained by cooling the specimens to ambient temperature in the furnace.
The oxidation experiments were performed in a furnace at temperatures 1073-1173K in air for 50 h. The specimens were put into the furnace after the temperature reached the desired value. An analytical balance with a sensitivity of 10" 5 g was used to measure the mass of the specimens at oxidation intervals. The surface morphologies and cross sections of the oxidized samples were characterized by SEM equipped with EDS.
RESULTS

Oxidation kinetics
The isothermal oxidation kinetics at different temperatures of the blank and coated samples is depicted in Fig. 1 as the mass gain versus oxidation time. It can be seen that at the same oxidation temperature, the mass gain of the A1 2 0 3 coated samples were lower than those of the blank samples. The oxidation rate of the coated samples at 1173 Κ was even slower than that of the blank sample at 1073K. 
Oxide morphologies
Surface morphologies of the scale formed on samples oxidized isothermally for 24h are shown in Fig. 2 .
After 24h oxidation at 1073K and 1173K, the oxide scales formed on the blank samples ( Fig. 2(a) Fig. 3(b) ) was thinner than that formed on the blank sample after oxidation at both temperatures. The oxide scale formed on the blank is completely composed of NiO after 24h oxidation, while the NiO layer formed on the coated sample is divided into two parts by a very thin alumina scale which was deposited before oxidation. The morphologies of oxide scale formed on the specimens at 1073Κ are not present because their morphologies were similar to those at 1173K.
DISCUSSION
High temperature oxidation of Ni can be divided process governed by lattice diffusion via point defect.
At lower temperatures, the pictures become more complicated as the oxidation tends to become sub-parabolic, usually interpreted as the influence of short-circuit transport /ll, 12/. Tracer studies have shown that both outward diffusion of Ni along dislocations and grain boundary and inward transport of oxygen play a role in the overall scaling /13-16/. Hence, a duplex oxide scale is often observed in the low-temperature region ΙΙΊΙ.
The data obtained in this work clearly demonstrate a beneficial effect of alumina coating in that it decreases the oxidation rate of Ni at both temperatures. To account for this effect, one must look into differences in I ' the oxide morphology of coated and uncoated specimens. The well-known duplex scales of NiO change into a three-layered structure where the outer columnar and inner equi-axed layer is separated by a thin layer of A1 2 0 3 pre-deposited before oxidation. Since oxidation of Ni involves growth in both directions and that the fluxes across the scale are determined by short-circuit transport mechanism, with the oxidation process continuing, oxygen diffused inwardly and nickel diffused outwardly are inhibited for the coated specimens.
CONCLUSION
Sol-gel derived A1 2 0 3 thin film has been applied on the surface of Ni. By investigating the isothermal oxidation behaviors of the uncoated and coated metal in air at 1073-1173K, the following conclusions can be drawn: 1. The A1 2 0 3 thin film had a positive effect on the oxidation resistance of Ni. The oxidation rates were reduced at the test temperatures, where the oxidation rate of the coated samples is lower than that of the blank samples.
2. The oxide scale of coated specimens may be divided into two regions: an outer layer of columnar grains and an inner, equiaxed layer, separated by a relatively thin alumina layer pre-deposited by sol-gel processing.
